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Taurine transporter knockout mice show severe retinal degeneration at an early age. The study was designed to determine
whether degeneration also takes place in the absence of light. Mice were maintained up to 6 weeks of age in cyclic lighting or in total
darkness. Degeneration took place in both groups, but was more rapid in animals exposed to standard cyclic illumination. At the
ultrastructural level the retinas showed features characteristic of apoptosis but not of necrosis. Conclusions: Cell diﬀerentiation is not
seriously aﬀected by the lack of a functional taurine transporter but mature photoreceptor cells do not survive without an intact
transporter, even in the dark.
 2004 Elsevier Ltd. All rights reserved.
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Ever since the early reports on retinal degeneration in
cats lacking taurine in their diets (Hayes, Rabin, &
Berson, 1975), the importance of taurine (a beta-amino
sulfonic acid) for normal function and maintenance of
photoreceptor structure has been intensively studied.
The functions of taurine and its precursors are manifold,
depending in part upon the cells and tissues in which
they are found (Huxtable, 1992). Taurine is either pro-
duced by the cells utilizing it or it must be transported
into the cell by the taurine transporter. The retina be-
longs to a small group of tissues with exceptionally high
levels of taurine and most of it is located in the photo-
receptor cells (Lake & Verdone-Smith, 1989; Pow, Sul-
livan, Reye, & Hermanussen, 2002). Nevertheless, in
mammals, photoreceptor cells lack the enzymatic
equipment necessary for producing this amino acid
(cysteine sulfonic acid decarboxylase, CSD) (Huxtable,
1989). In the mouse the taurine transporter (TauT) has
been localized in the inner segments of photoreceptor* Corresponding author.
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There is widespread agreement in the literature that
taurine is vital to photoreceptors both as an osmolyte
and as an antioxidant (Lombardini, 1991; Petrosian &
Haroutounian, 1998; Rego, Santos, & Oliveira, 1996).
Numerous studies have shown that insuﬃcient levels of
taurine lead to malfunction and ﬁnally degeneration of
the adult retina, particularly the photoreceptor cells.
The retinal degeneration seen in cats maintained on a
taurine-free diet (Schmidt, Berson, & Hayes, 1976;
Wright et al., 1987) can be reversed to a certain extent if
taurine is added to the diet (Hayes et al., 1975).
The taurine content in whole eyes of 2-week-old mice
of the taut)/) strain is markedly reduced and the retinas
of animals housed under standard cyclic illumination
begin to degenerate at this time (Heller-Stilb et al.,
2002). Retinal taurine levels normally increase during
the third postnatal week in mice, just after the eyes have
opened (Hilton, Raque, & Hilton, 1981; Orr, Cohen, &
Carter, 1976).
It is well known that constant or intense light ulti-
mately leads to photoreceptor cell damage (Oraedu,
Voaden, & Marshall, 1980; Wasowicz, Morice, Ferrari,
Callebert, & Versaux-Botteri, 2002). Studies on the
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that there may be diﬀerences in the degree of damage
depending upon the species or the type of deﬁciency.
Light was not a major factor in the degeneration of the
retina in cats with a dietary taurine deﬁciency (Leon,
Levick, & Sarossy, 1995; Pasantes-Morales, Dominguez,
Campomanes, & Pacheco, 1986) but light did increase the
degree of photoreceptor disruption and loss in rats sub-
jected to drug-induced taurine depletion (Rapp, Thum, &
Anderson, 1988). The aim of the present study was to
establish whether or not photoreceptor degeneration can
be prevented by rearing taut)/) mice in darkness.2. Material and methods
2.1. Animals
The taut)/) mice of the present study were oﬀspring
of pairings between homozygous taut)/) males and
heterozygous taut+/) females. Wild type (WT, taut+/+)
mice of the taut strain served as control animals. All
mice were bred and raised in the vivarium of the Uni-
versity of D€usseldorf. The guidelines of the German
laws for the protection of animals were followed and the
study was approved by the university authorities. At
least three animals of either sex belonged to each
experimental group. Retinas were examined at 3 and 6
weeks of age.
Light-reared. The mice were maintained on a 12 h
light/12 h dark (LD) cycle under standard lighting
conditions (510 lux below the lamps in the center of the
room, ca. 110 lux in the individual cages) and provided
with laboratory chow and tap water ad libitum.
Dark-reared. For the light deprivation studies the
animals were maintained in a separate room in darkness
(DD; 0.0 lux). All dark-reared animals were conceived
and raised under DD conditions. The mice were checked
and tended on a daily basis between 8 and 9 AM under
safe lighting conditions: dim red light (0.02 lux 30 cm
from the light source). They received the same feed and
water ad libitum as the animals kept on the LD sche-
dule. Possible diﬀerences in the activity phase of the
pigment epithelium (PE) were kept at a minimum by
timing enucleation for all animals to correspond to the
third hour of ‘lights on’ for the LD animals.
2.2. Methods for morphology
The mice were anesthetized with sodium pentobar-
bital (50 mg/kg b.w.) and killed by decapitation. The
eyes were enucleated and ﬁxed by immersion. In order to
avoid any light inﬂuence on the photoreceptors of DD
animals, the mice were anesthetized and enucleated in
the darkroom under dim red light and the ﬁrst 4 h of
ﬁxation was also done in the darkroom. Post-ﬁxation,embedding and preparation of sections for semithin and
electron microscopy have been described earlier (Heller-
Stilb et al., 2002). For conventional light microscopy
and immunohistochemistry the eyes were ﬁxed in
Bouin’s solution for 24 h. The lens was removed after
ﬁxation and the samples dehydrated in a graded series of
isopropyl alcohol. The specimens were transferred
through methylbenzoate/toluene and embedded in par-
aﬃn.
2.3. Immunohistochemistry for taurine
Five micrometer thick sections were collected on
coated slides and deparaﬃnized. They were then im-
mersed in high pH antigen retrieval solution (Dako,
Cytomation, Hamburg, Germany) for 20 min and rinsed
twice with 0.05 M tris-buﬀered saline, pH 7.6 (TBS).
After endogenous peroxidase had been blocked with 3%
H2O2 for 20 min, the sections were again washed with
TBS and then incubated in 3% normal goat serum for 60
min at room temperature. Incubation with the poly-
clonal primary antibody to taurine AB137 (Chemicon,
Hofheim, Germany) (dissolved in 0.1% Triton-X in TBS
1:1500) was done overnight at 4 C. After washing with
TBS, the sections were incubated with EnVision (rab-
bit; Dako, Cytomation, Hamburg, Germany) for 30 min
at room temperature, washed with TBS, covered with
3,30-diaminobenzidine tetrahydrochloride (DAB, 1 mg/
ml and 0.02% H2O2) for 10 min and then rinsed with
distilled water. Sections were counterstained for nuclei
with Mayer’s hematoxyline, dehydrated through alco-
hol, cleared in xylene and cover-slipped with DePeX
(Serva, Heidelberg, Germany). In control sections there
was no reaction product if the primary antibody had
been omitted. The validity of the reaction was further
conﬁrmed by the reaction product found in the corneal
epithelium (Lobo, Alonso, Latorre, & Martin del Rio,
2001).
2.4. Detection of apoptosis by TUNEL assay
Retinal sections were deparaﬃnized in xylene and
rehydrated in a graded series of ethanol to distilled
water. The terminal deoxynucleotidyltransferase-medi-
ated dUTP nick-end labeling (TUNEL) assay was then
carried out using an in situ cell death detection kit
(Roche, Mannheim, Germany) (Gavrieli, Sherman, &
Ben-Sasson, 1992). The incorporated ﬂuorescein was
detected by ﬂuorescence microscopy. The excitation
wavelength was 490 nm.
2.5. Morphometry and statistics
Diﬀerences in the thickness of outer retinal layers
were quantiﬁed by measuring the distance between the
outer plexiform layer and Bruch’s membrane in three
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mental group (Kappa Messtechnik, GmbH, Gleichen,
Germany). Areas lying approximately 200 lm from the
edge of the optic nerve head were selected for mea-
surement. The pigment epithelium (PE) was included in
the measurements because the layers comprising the
remnants of inner and outer segments could no longer
be clearly delineated in the taut)/) animals at 6 weeks of
age. Proper orientation of the retina in the taut)/) eyes,
in which OS could not serve as indicators of alignment,
was achieved by examining Bruch’s membrane, the PE
and the orientation of Muller cell processes through the
inner layers of the retina. The data were analysed using a
three-way ANOVA followed by a two sample t-test.3. Results
The retinas in WT mice of the taut strain showed
well-developed layers including the pigment epithelium
(PE) by the third postnatal week, even in the animals
raised in darkness. (Fig. 1a). In the retinas of taut)/)
mice all of the layers representing the photoreceptor
cells degenerate within a few weeks after birth, a process
which is not prevented by light deprivation (Fig. 1b, c).Fig. 1. (a–c) Semithin sections of retina. (a) 3 weeks, wild type mouse dark
mouse light-reared. (d–g) Immunohistochemistry for taurine at 3 weeks. (d
reared; (g) taut)/), light-reared. IN¼ inner nuclear layer; ON¼ outer nuclea
(g) for all micrographs¼ 22 lm.3.1. Immunohistochemistry for taurine in the retina
Immunostaining for taurine in the WT retina was
distinctly more intense in the layer representing the inner
segments (IS) and in the outer plexiform layer than in
any of the other layers. Delicate structures passing be-
tween the photoreceptor cell nuclei were clearly marked.
Outer segments (OS) showed no reaction product. Ret-
inas of LD and DD animals did not diﬀer in the dis-
tribution pattern of staining, but the LD animals
showed more intense staining (Fig. 1d, e). Immuno-
staining for taurine in the IS and outer plexiform layers
of taut)/) animals (3 weeks) was extremely faint.
Staining in the inner layers of the retina was less intense
than in the corresponding layers of the WT retinas (Fig.
1f, g).3.2. Retinas of taut+/+ mice, ﬁne structure
By the age of 3 weeks rod OS were composed of very
regularly arranged stacks of discs (Fig. 2a, b). The IS
were tightly packed and contained long, slender mito-
chondria (Fig. 2a). The outer limiting membrane (OLM
in Fig. 2a) separated the IS from the outer granular layer
(Fig. 2c) in which the nuclei were arranged in columns of-reared; (b) 6 weeks, taut)/) mouse dark-reared; (c) 6 weeks, taut)/)
) wild type, light-reared; (e) wild type, dark-reared; (f) taut)/), dark-
r layer; IS¼ inner segments; OS¼ outer segments. 40· objective. Bar in
Fig. 2. Ultrastructure of wild type. (a) Inner segments at 3 weeks, light-reared; (b) outer segments at 3 weeks, light-reared; (c) photoreceptor cell
nuclei at 3 weeks, light-reared; (d) pedicles at 6 weeks, dark-reared. M¼mitochondria; C¼ connecting cilium; OLM¼outer limiting membrane;
arrow¼microvilli of the pigment epithelium; Ph¼phagosome; Mc¼Muller cell processes; S¼ synapses with ribbons. Bars¼ 1 lm.
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processes extended between the columns of nuclei. The
end feet or basal pedicles of the photoreceptor cells had
synaptic ribbons and contained large round mitochon-
dria (Fig. 2d). The PE consisted of a single layer of cells
with long microvillus apical processes which extended
between the tips of the OS (Fig. 2b). There were no
appreciable diﬀerences in the morphology of the outer
retinal layers at 3 and 6 weeks, regardless of whether the
animals had been maintained on an LD or a DD regi-
men.
3.3. Retinas of taut)/) mice at 3 weeks, LD and DD
At 3 weeks the photoreceptor cells showed signs of
severe degeneration. The thickness of the layers com-
prising the IS and OS was reduced and irregular (Fig. 1f,
g). Only portions of OS were still present and these were
no longer aligned nor did they have regular contours.
Some discs, however, were still intact and these had
dimensions similar to those in the WT retina. The dis-
ruption of OS was more advanced in the LD than in theDD animals. Most organelles of the IS were no longer
intact. Mitochondria were swollen and their inner
membranes disrupted. Connecting cilia, however, were
still distinct. Cell contacts constituting the OLM ap-
peared well preserved (Fig. 3a, b).
The layer of photoreceptor cell nuclei in the LD mice
was thinner than that in the DD animals (Fig. 1f, g).
Some of these nuclei showed the characteristic chro-
matin pattern of normal photoreceptor nuclei. In most
cases, however, chromatin was condensed and many
nuclei were in various stages of pyknosis (Fig. 3c).
Electron dense apoptotic bodies were a frequent ﬁnding.
Mitochondria next to the nuclei showed the same signs
of disruption as seen in the IS. This was also true of the
large mitochondria in the basal processes. Nevertheless,
many basal processes still contained ribbon synapses
surrounded by synaptic vesicles. Muller cell processes
passing between the columns of photoreceptor cell nu-
clei appeared swollen (Fig. 3c). Apoptotic cell death was
conﬁrmed by the presence of large numbers of ﬂuores-
cent nuclei in TUNEL-treated sections, but these ﬁnd-
ings were not quantiﬁed.
Fig. 3. Ultrastructure of taut)/) at 3 weeks, compare with Fig. 2a, b. (a) Inner and outer segments with pigment epithelium, dark-reared; (b) inner
and outer segments with pigment epithelium, light-reared; (c) photoreceptor cell nuclei and pedicles, dark-reared. OS¼outer segments;
Ph¼phagosome; OLM¼outer limiting membrane; M¼mitochondria; S¼ synapse; arrows¼ apoptotic bodies. Bars¼ 1 lm.
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was quantiﬁed for Fig. 4. Since there were no signiﬁcant
diﬀerences between LD and DD wild type animals, their
data were pooled. Light- and dark-rearing in the taut)/)
animals resulted in signiﬁcant diﬀerences at 3 weeks of
age, but not at 6 weeks.3.4. Retinas of taut)/) mice at 6 weeks of age, LD and
DD
By the 6th week the thickness of the outer granular
layer was further reduced but some nuclei still had fairly
well-preserved chromatin patterns (Fig. 1b, c and 5a, b).
The layers representing IS and OS consisted of a few
rounded areas of degenerating cytoplasm. An occasional
connecting cilium and contacts at the OLM identiﬁed
these areas as the remnants of IS. They were surrounded
by innumerable, tightly intermingled villous processes of
PE and Muller basket ﬁbers (Fig. 5a, b). No signs of OS
were seen. The subretinal space was thus completelyclosed. Basal pedicles containing ribbon synapses and
swollen mitochondria could still be identiﬁed (Fig. 5a).
The most notable diﬀerence between the DD and the
LD mice at 6 weeks was the fact that the outer granular
layer was no longer continuous in the LD animals. The
irregular row of photoreceptor cell nuclei was inter-
rupted by cells normally belonging to the inner granular
layer. These cells had large nuclei with a homogeneous
chromatin pattern resembling that of Muller cells (Fig.
5b). There were also fewer IS and basal pedicles in the
LD than in the DD animals.3.5. Phagocytosis in taut)/) retinas
Cell debris was found at all levels of the outer retinal
layers. Remnants of OS in various stages of decompo-
sition were seen within PE cells (Fig. 3b), within IS and
within the processes of Muller cells between the columns
of nuclei (Fig. 6a–c). Lumps of cell debris containing
amorphous material and vacuoles were a frequent
Fig. 5. Ultrastructure of outer layers of retina in taut)/) mice at 6
weeks. (a) dark-reared; (b) light-reared. IS¼ remnant of inner segment;
C¼ cilium; M¼mitochondria; S¼ synapse; OLM¼ outer limiting
membrane; Mc¼Muller cell processes; N¼Muller cell nucleus;




























Fig. 4. Morphometry of outer layers of retina. Thickness of layers extending from the inner plexiform layer to Bruch’s membrane at 3 and 6 weeks.
Thickness was signiﬁcantly reduced when comparing wild type with both KO DD and KO LD as well as when comparing DD with LD knockout
mice at 3 weeks. Diﬀerences were even greater between wild type and KO at 6 weeks, but no longer signiﬁcant between the KO animals at that time.
Signiﬁcances: p < 0:05 and p < 0:01. Error bars indicate standard deviation.
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weeks the taut)/) retinas had markedly less cell debris
than those of the 3-week-old animals. Phagosomes and
phagolysosomes were only an occasional ﬁnding in the
PE.4. Discussion
There were no diﬀerences between the morphology of
the taut WT mouse retina and that of C57BL/6 mice
(Carter-Dawson & LaVail, 1979; Jeon, Strettoi, &
Masland, 1998). The temporal aspects of development
were also identical (LaVail, 1973). Cell death, which
takes place during retinal histogenesis has been found in
all species studied to date, including man (Penfold &
Provis, 1986). Since it is essentially complete in the
C57BL/6 mouse by the 18–20th postnatal day (Young,
1985), and photoreceptor cell degeneration is advanced
by 6 weeks of age in the taut)/) mutant (Heller-Stilb
et al., 2002), we chose the time points of 3 and 6 weeks
for comparing the eﬀects of a standard light–dark cycle
(LD) and continuous darkness (DD) on the retinas of
WT and taut)/) mice.4.1. Immunohistochemistry for taurine
Immunostaining (in the WT) was more intense in the
photoreceptor cells of the LD mice than in those of the
DD animals, a ﬁnding which only apparently disagrees
with other reports showing taurine release upon light
stimulation. Our LD animals were not subjected to light
of high intensity and/or long duration as were those of
other studies (Oraedu et al., 1980; Wasowicz et al.,
Fig. 6. Phagocytosis at 3 weeks in taut)/) retina. (a) Phagosome (Ph)
in inner segment; (b) phagosome (Ph) in Muller cell process in outer
nuclear layer; (c) cell debris (dark lumps of amorphous material) on
either side of the outer limiting membrane (OLM). Bars¼ 1 lm.
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quires more taurine under conditions of normal cyclic
lighting than in darkness. The extremely faint staining in
the taut)/) retina shows that the photoreceptor cells did
not accumulate taurine, regardless of the light regimen.4.2. Apoptosis and phagocytosis
Apoptosis has been called the ‘‘ﬁnal common path-
way’’ in photoreceptor degeneration (Chang, Hao, &
Wong, 1993; Portera-Cailliau, Sung, Nathans, & Adler,
1994; Reme, Grimm, Hafezi, Marti, & Wenzel, 1998).
The morphological ﬁndings and the TUNEL method
showed that apoptosis, as opposed to necrosis, leads to
cell death in the retina of taut)/) mice. OS were the ﬁrst
components of photoreceptor cells to lose structuralintegrity and be removed. The appearance of photore-
ceptor cell nuclei in the taut)/) retinas was much more
heterogeneous with respect to the stages of degeneration
than that of the mitochondria. Mitochondria with well-
preserved membranes were a rare ﬁnding in taut)/)
photoreceptor cells. The processes of degeneration did
not diﬀer between LD and DD mice, but the thinner
retina in the 3-week-LD mice showed that degeneration
was more rapid under conditions of cyclic light.
In normal retinas the PE is responsible for removing
shed portions of OS (reviewed in LaVail, 1973). The
number of phagosomes seen at the PE in all four
groups of WT animals was within the range of that
described for normal C57BL/6 mice (Grace, Chiba, &
Menaker, 1999). This ﬁnding conﬁrms the earlier work
of Besharse and Hollyﬁeld (1979) who saw that shed-
ding and disc renewal in C57BL/6 mice were only
slightly modiﬁed by constant light or constant dark.
Steinberg (1985) calls the PE cell a ‘‘professional mac-
rophage’’. However, the phagocytic activity of PE cells
is remarkably speciﬁc for rod OS (Mayerson & Hall,
1986). In the taut)/) animals there was no ultrastruc-
tural evidence that PE cells had increased the rate of
phagocytosis although the outer layers of the retina
were almost gone by the 6th week. Swelling and tran-
sient bilayering was not seen (nitrosurea-induced
degeneration: Nambu et al., 1997). The taut)/) retina
evidently mobilizes another system for removing much
of the debris resulting from the rapid degeneration of
the entire photoreceptor cell layer.
Apoptosis involves the uptake of debris by neigh-
boring cells not normally phagocytotic and there was
evidence of such activity in IS of taut)/) photorecep-
tors. Muller cells or retina-speciﬁc macroglia are known
to have phagocytic capabilities, especially during
development (Egensperger, Maslim, Bisti, Holl€ander, &
Stone, 1996; Penfold & Provis, 1986). Many Muller cells
in the taut)/) retina were swollen, a condition also seen
in pcd mice (Blanks, Mullen, & LaVail, 1982). taut)/)
Muller cell processes passing between photoreceptor
cells frequently contained residual bodies and structures
remarkably similar to phagosomes. The ultrastructural
ﬁndings strongly suggest that Muller cells played a
greater role in the disposal of cell debris than the PE.
There were no signs of inﬂammation in the taut)/)
mice.
According to Pierce (2001), the mechanisms leading
to photoreceptor degeneration can be classiﬁed into four
categories: (1) faulty morphogenesis of outer segments;
(2) dysfunction of pigment epithelium; (3) chronic acti-
vation of phototransduction, and (4) metabolic over-
load.
Points (1) and (2) are evidently not aspects of retinal
degeneration in taut)/) mice, because structurally
complete photoreceptor cells did develop and there were
no morphological signs of PE dysfunction. PE
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example, is a factor in human Leber congenital amau-
rosis which leads to blindness early in life and has the
same eﬀect in RPE65-deﬁcient mice (Seeliger et al.,
2001). Disturbed morphogenesis of outer segments plays
a role in other types of retinal degeneration and is seen
in rhodopsin knockout mice (Lem et al., 1999) or in
animals with a disrupted gene for peripherin (McNally
et al., 2002).
Points (3) and (4): The fact that most photoreceptor
cells were lost within a few weeks after diﬀerentiation,
regardless of light regimen, suggests that mechanisms
comparable to chronic activation and/or metabolic
overload initiate apoptosis in taut)/) mice. A good
example of chronic activation, even in a dim LD regi-
men, can be seen in arrestin knockout mice: lack of
arrestin impairs the ability of the OS to recover from
light stimulation (Chen, Simon, Matthes, Yasumura, &
LaVail, 1999). Degeneration did not occur if arrestin
KO mice were reared in the dark. Another example of
damage being prevented by light deprivation is the case
of the rhodopsin kinase-deﬁcient mouse (Chen et al.,
1999). In these animals the normal deactivation of
rhodopsin after exposure to light is disturbed; i.e. the
photoreceptor cells become chronically active. In ani-
mals carrying the P23H opsin mutation, however, light
deprivation slowed but did not prevent degeneration
(Naash et al., 1996). Dark-rearing of such animals in-
creased the damaging eﬀect of light stress (Vaughan,
Coulibaly, Darrow, & Organisciak, 2003). Interestingly
enough, photoreceptors in the above-mentioned RPE65-
deﬁcient mice were protected from light stress (Grimm
et al., 2000). Since they lack functional rhodopsin,
phototransduction did not take place and the OS re-
mained intact.
A clue to the role of taurine in photoreceptor cell
function has been provided by the ﬁndings of Militante
and Lombardini (2002) who examined the role of Caþþ
inﬂux and extrusion during and following phototrans-
duction as well as in the absence of light. The protective
action of taurine, particularly in connection with
transmembrane movements of calcium has been known
for some time (Lopez-Escalera, Moran, & Pasantes-
Morales, 1988; Petrosian & Haroutounian, 1998). The
taurine transporter helps to regulate cell volume by
moving amino acid osmolytes into the cell (Gomez-
Angelats, Bortner, & Cidlowski, 2000) from the extra-
cellular matrix. Diﬀerentiated photoreceptor cells need
an adequate supply of extracellular taurine and depend
upon their own transporter for osmoregulation (see
Pasantes-Morales, Ochoa de la Paz, Sepulveda, &
Quesada, 1999; Schaﬀer, Takahashi, & Azuma, 2000).
Extracellular taurine is provided by PE and Muller cells,
which normally take up taurine and pass it on to pho-
toreceptors (Pourcho, 1977). PE and Muller cells are
probably unable to do so in taut)/) mice although theythemselves are not initially damaged by transporter
malfunction. This may be so because they are able to
compensate by taking up other osmolytes such as myoi-
nositol (ElSherbeny et al., 2004). Photoreceptors evi-
dently have no comparable mechanism with which to
compensate for a dysfunctional taurine transporter.
Continuous osmotic stress leads to membrane instabil-
ity, especially in mitochondria, and is seen as an initiator
of apoptosis (Bortner & Cidlowski, 1998; Ferri & Kro-
emer, 2001; Petrosian & Haroutounian, 1998; Rego
et al., 1996). The photoreceptors of taut)/) mice raised
in the dark were only spared the stress resulting from
phototransduction, not that occurring during meta-
bolism in the dark.
Taurine also plays a role in reducing the damaging
eﬀects of oxidative stress (Obrosova, Fathallah, & Ste-
vens, 2001). Light increases the rate of formation of
reactive oxygen species and thus the need for radical
scavengers (Boulton, Rozanowska, & Rozanowski,
2001; Demontis, Longoni, & Marchiafava, 2002). The
more intense immunostaining for taurine in the LD than
in the DD mice is in good agreement with these ﬁndings.
Most retinal degenerations (in naturally mutant and
genetically manipulated animals) are a result of distur-
bances in the structural, metabolic, or transduction
processes inherent to the photoreceptors or to cells in
their immediate surroundings (Chader, 2002; Chang
et al., 2002; Hafezi, Grimm, Simmen, Wenzel, & Reme,
2000). Many of these disturbances compare well with
those found in cases of human retinal dysfunction.
Photoreceptor cell loss in the taut)/) mouse, however, is
diﬀerent in as much as the mutation has altered a mole-
cule not speciﬁc to the retina. The amino acid proﬁles of
certain retinitis pigmentosa patients are abnormal (Ar-
shinoﬀ, McCulloch, Macrae, Stein, & Marliss, 1981).
Taurine is only one of these amino acids, but it may be
of major importance in a subgroup of patients and
supplementation with taurine has proven to slow the
progress of visual ﬁeld loss in some cases of retinitis
pigmentosa (Pasantes-Morales, Quiroz, & Quesada,
2002). Additional studies in the taut)/) mouse may help
to better understand the role of taurine in human eye
diseases.Acknowledgements
The authors wish to thank Drs. E. Oermann and A.
Schleicher for their help with the statistical analysis.References
Arshinoﬀ, S., McCulloch, J. C., Macrae, W., Stein, A. N., & Marliss,
E. B. (1981). Amino acids in retinitis pigmentosa. British Journal of
Ophthalmology, 65, 626–630.
K. Rascher et al. / Vision Research 44 (2004) 2091–2100 2099Besharse, J. C., & Hollyﬁeld, J. G. (1979). Turnover of mouse
photoreceptor outer segments in constant light and darkness.
Investigative Ophthalmology and Visual Science, 18, 1019–1024.
Blanks, J. C., Mullen, R. J., & LaVail, M. M. (1982). Retinal
degeneration in the pcd cerebellar mutant mouse: II. Electron
microscopic analysis. The Journal of Comparative Neurology, 212,
231–246.
Bortner, C. D., & Cidlowski, J. A. (1998). A necessary role for cell
shrinkage in apoptosis. Biochemical Pharmacology, 56, 1549–1559.
Boulton, M., Rozanowska, M., & Rozanowski, B. (2001). Retinal
photodamage. Journal of Photochemistry and Photobiology B:
Biology, 64, 144–161.
Carter-Dawson, L. D., & LaVail, M. M. (1979). Rods and cones in
the mouse retina. I. Structural analysis using light and elec-
tron microscopy. The Journal of Comparative Neurology, 188, 245–
262.
Chader, G. J. (2002). Animal models in research on retinal degener-
ations: past progress and future hope. Vision Research, 42, 393–
399.
Chang, G.-Q., Hao, Y., & Wong, F. (1993). Apoptosis: ﬁnal common
pathway of photoreceptor death in rd, rds, and rhodopsin mutant
mice. Neuron, 11, 595–605.
Chang, B., Hawes, N. L., Hurd, R. E., Davisson, M. T., Nusinowitz,
S., & Heckenlively, J. R. (2002). Retinal degeneration mutants in
the mouse. Vision Research, 42, 517–525.
Chen, C.-K., Burns, M. E., Spencer, M., Niemi, G. A., Chen, J.,
Hurley, J. B., Baylor, D. A., & Simon, M. I. (1999). Abnormal
photoresponses and light-induced apoptosis in rods lacking
rhodopsin kinase. Proceedings of the National Academy of Sciences,
USA, 96, 3718–3722.
Chen, J., Simon, M. I., Matthes, M. T., Yasumura, D., & LaVail, M.
M. (1999). Increased susceptibility to light damage in an arrestin
knockout mouse model of Oguchi disease (stationary night
blindness). Investigative Ophthalmology and Visual Science, 40,
2978–2982.
Demontis, G. C., Longoni, B., & Marchiafava, P. L. (2002). Molecular
steps involved in light-induced oxidative damage to retinal rods.
Investigative Ophthalmology and Visual Science, 43, 2421–2427.
Egensperger, R., Maslim, J., Bisti, S., Holl€ander, H., & Stone, J.
(1996). Fate of DNA from retinal cells dying during development:
uptake by microglia and macroglia (M€uller cells). Developmental
Brain Research, 97, 1–8.
ElSherbeny, A., Naggar, H., Miyauchi, S., Ola, M. S., Maddox, D. M.,
Martin, P. M., Ganapathy, V., & Smith, S. B. (2004). Osmoreg-
ulation of taurine transporter function and expression in retinal
pigment epithelial, ganglion, and M€uller cells. Investigative Oph-
thalmology and Visual Science, 45, 694–701.
Ferri, K. F., & Kroemer, G. (2001). Mitochondria––the suicide
organelles. BioEssays, 23, 111–115.
Gavrieli, Y., Sherman, Y., & Ben-Sasson, S. A. (1992). Identiﬁcation
of programmed cell death in situ via speciﬁc labeling of nuclear
DNA fragmentation. Journal of Cell Biology, 119, 493–501.
Gomez-Angelats, M., Bortner, C. D., & Cidlowski, J. A. (2000). Cell
volume regulation in immune cell apoptosis. Cell and Tissue
Research, 301, 33–42.
Grace, M. S., Chiba, A., & Menaker, M. (1999). Circadian control of
photoreceptor outer segment membrane turnover in mice geneti-
cally incapable of melatonin synthesis. Visual Neuroscience, 16,
909–918.
Grimm, C., Wenzel, A., Hafezi, F., Yu, S., Redmond, T. M., & Reme,
C. E. (2000). Protection of Rpe65-deﬁcient mice identiﬁes rhodop-
sin as a mediator of light-induced retinal degeneration. Nature
Genetics, 25, 63–66.
Hafezi, F., Grimm, C., Simmen, B. C., Wenzel, A., & Reme, C. E.
(2000). Molecular ophthalmology: an update on animal models for
retinal degenerations and dystrophies. British Journal of Ophthal-
mology, 84, 922–927.Hayes, K. C., Rabin, A. R., & Berson, E. L. (1975). An ultrastructural
study of nutritionally induced and reversed retinal degeneration in
cats. American Journal of Pathology, 78, 504–524.
Heller-Stilb, B., van Roeyen, C., Rascher, K., Hartwig, H.-G., Huth,
A., Seeliger, M., Warskulat, U., & H€aussinger, D. (2002).
Disruption of the taurine transporter gene (taut) leads to retinal
degeneration in mice. The FASEB Journal, 16, 231–233 (online
10.1096/fj.01-0691fje).
Hilton, F. K., Raque, G. H., & Hilton, M. A. (1981). Changes in
concentration of taurine in murine Harderian glands and retinas
during postnatal development. The Journal of Experimental Zool-
ogy, 216, 493–495.
Huxtable, R. J. (1989). Taurine in the central nervous system and the
mammalian actions of taurine. Progress in Neurobiology, 32, 471–
533.
Huxtable, R. J. (1992). Physiological actions of taurine. Physiological
Reviews, 72, 101–163.
Jeon, C.-J., Strettoi, E., & Masland, R. H. (1998). The major cell
populations of the mouse retina. The Journal of Neuroscience, 18,
8936–8946.
Lake, N., & Verdone-Smith, C. (1989). Immunocytochemical locali-
zation of taurine in the mammalian retina. Current Eye Research, 8,
163–173.
LaVail, M. M. (1973). Kinetics of rod outer segment renewal in the
developing mouse retina. The Journal of Cell Biology, 58, 650–661.
Lem, J., Krasnoperova, N. V., Calvert, P. D., Kosaras, B., Cameron,
D. A., Nicolo, M., Makino, C. L., & Sidman, R. L. (1999).
Morphological, physiological, and biochemical changes in rhodop-
sin knockout mice. Proceedings of the National Academy of
Sciences, USA, 96, 736–741.
Leon, A., Levick, W. R., & Sarossy, M. G. (1995). Lesion topography
and new histological features in feline taurine deﬁciency retinop-
athy. Experimental Eye Research, 61, 731–741.
Lobo, M. V. T., Alonso, F. J. M., Latorre, A., & Martin del Rio, R.
(2001). Taurine levels and localisation in the stratiﬁed squamous
epithelia. Histochemistry and Cell Biology, 115, 341–347.
Lombardini, J. B. (1991). Taurine: retinal function. Brain Research
Reviews, 16, 151–169.
Lopez-Escalera, R., Moran, J., & Pasantes-Morales, H. (1988).
Taurine and nifedipine protect retinal rod outer segment structure
altered by removal of divalent cations. Journal of Neuroscience
Research, 19, 491–496.
Mayerson, P. L., & Hall, M. O. (1986). Rat retinal pigment epithelial
cells show speciﬁcity of phagocytosis in vitro. The Journal of Cell
Biology, 103, 299–308.
McNally, N., Kenna, P. F., Rancourt, D., Ahmed, T., Stitt, A.,
Colledge, W. H., Lloyd, D. G., Palﬁ, A., O’Neill, B., Humphries,
M. M., Humphries, P., & Farrar, G. J. (2002). Murine model of
autosomal dominant retinitis pigmentosa generated by targeted
deletion at codon 307 of the rds-peripherin gene. Human Molecular
Genetics, 11, 1005–1016.
Militante, J. D., & Lombardini, J. B. (2002). Taurine: evidence of
physiological function in the retina. Nutritional Neuroscience, 5,
75–90.
Naash, M. L., Peachey, N. S., Li, Z.-Y., Gryczan, C. C., Goto, Y.,
Blanks, J., Milam, A. H., & Ripps, H. (1996). Light-induced
acceleration of photoreceptor degeneration in transgenic mice
expressing mutant rhodopsin. Investigative Ophthalmology & Visual
Science, 37, 775–782.
Nambu, H., Yuge, K., Nakajima, M., Shikata, N., Takahashi, K.,
Miki, H., Uyama, M., & Tsubura, A. (1997). Morphologic
characteristics of N-methyl-N-nitrosurea-induced retinal degenera-
tion in C57BL mice. Pathology International, 47, 377–383.
Obrosova, I. G., Fathallah, L., & Stevens, M. J. (2001). Taurine
counteracts oxidative stress and nerve growth factor deﬁcit in early
experimental diabetic neuropathy. Experimental Neurology, 172,
211–219.
2100 K. Rascher et al. / Vision Research 44 (2004) 2091–2100Oraedu, A. C., Voaden, M. J., & Marshall, J. (1980). Photochemical
damage in the albino rat retina: morphological changes and
endogenous amino acids. Journal of Neurochemistry, 35, 1361–
1369.
Orr, H. T., Cohen, A. I., & Carter, J. A. (1976). The levels of free
taurine, glutamate, glycine and c-amino butyric acid during the
postnatal development of the normal and dystrophic retina of the
mouse. Experimental Eye Research, 23, 377–384.
Pasantes-Morales, H., Dominguez, L., Campomanes, M. A., &
Pacheco, P. (1986). Retinal degeneration induced by taurine
deﬁciency in light-deprived cats. Experimental Eye Research, 43,
55–60.
Pasantes-Morales, H., Ochoa de la Paz, L. D., Sepulveda, J., &
Quesada, O. (1999). Amino acids as osmolytes in the retina.
Neurochemical Research, 24, 1339–1346.
Pasantes-Morales, H., Quiroz, H., & Quesada, O. (2002). Treatment
with taurine, diltiazem, and vitamin E retards the progressive visual
ﬁeld reduction in retinitis pigmentosa: a 3-year follow-up study.
Metabolic Brain Disease, 17, 183–197.
Penfold, P. L., & Provis, J. M. (1986). Cell death in the development of
the human retina: phagocytosis of pyknotic and apoptotic bodies
by retinal cells. Graefe’s Archive for clinical and experimental
Ophthalmology, 224, 549–553.
Petrosian, A. M., & Haroutounian, J. E. (1998). The role of taurine in
osmotic, mechanical, and chemical protection of the retinal rod
outer segments. Advances in Experimental Medicine and Biology,
442, 407–413.
Pierce, E. A. (2001). Pathways to photoreceptor cell death in inherited
retinal degenerations. BioEssays, 23, 605–618.
Portera-Cailliau, C., Sung, C. H., Nathans, J., & Adler, R. (1994).
Apoptotic photoreceptor cell death in mouse models of retinitis
pigmentosa. Proceedings of the National Academy of Sciences,
USA, 91, 974–978.
Pourcho, R. G. (1977). Distribution of [35S]taurine in mouse retina
after intravitreal and intravascular injection. Experimental Eye
Research, 25, 119–127.
Pow, D. V., Sullivan, R., Reye, P., & Hermanussen, S. (2002).
Localization of taurine transporters, taurine, and 3H taurine
accumulation in the rat retina, pituitary, and brain. Glia, 37,
153–168.
Rapp, L. M., Thum, L. A., & Anderson, R. E. (1988). Synergism
between environmental lighting and taurine depletion in causingphotoreceptor cell degeneration. Experimental Eye Research, 46,
229–238.
Rego, A. C., Santos, M. S., & Oliveira, C. R. (1996). Oxidative stress,
hypoxia, and ischemia-like conditions increase the release of
endogenous amino acids by distinct mechanisms in cultured retinal
cells. Journal of Neurochemistry, 66, 2506–2516.
Reme, C. E., Grimm, C., Hafezi, F., Marti, A., & Wenzel, A. (1998).
Apoptotic cell death in retinal degenerations. Progress in Retinal
and Eye Research, 17, 443–464.
Schaﬀer, S., Takahashi, K., & Azuma, J. (2000). Role of osmoregu-
lation in the actions of taurine. Amino Acids, 19, 527–546.
Schmidt, S. Y., Berson, E. L., & Hayes, K. C. (1976). Retinal
degeneration in the taurine-deﬁcient cat. Transactions of the
American Academy of Ophthalmology and Otolaryngology, 81,
OP687–693.
Seeliger, M. W., Grimm, C., Stalberg, F., Friedburg, C., Jaissle, G.,
Zrenner, E., Guo, H., Reme, C., Humphries, P., Hofmann, F., Biel,
M., Fariss, R. N., Redmond, T. M., & Wenzel, A. (2001). New
views on RPE65 deﬁciency: the rod system is the source of vision in
a mouse model of Leber congenital amaurosis. Nature Genetics, 29,
70–74.
Steinberg, R. H. (1985). Interactions between the retinal pigment
epithelium and the neural retina. Documenta Ophthalmologica, 60,
327–346.
Vaughan, D. K., Coulibaly, S. F., Darrow, R. M., & Organisciak, D.
T. (2003). A morphometric study of light-induced damage in
transgenic rat models of retinitis pigmentosa. Investigative Oph-
thalmology & Visual Science, 44, 848–855.
Vinnakota, S., Qian, X., Egal, H., Sarthy, V., & Sarker, H. K. (1997).
Molecular characterization and in situ localization of a mouse
retinal taurine transporter. Journal of Neurochemistry, 69, 2238–
2250.
Wasowicz, M., Morice, C., Ferrari, P., Callebert, J., & Versaux-
Botteri, C. (2002). Long-term eﬀects of light damage on the retina
of albino and pigmented rats. Investigative Ophthalmology and
Visual Science, 42, 813–820.
Wright, C. E., Tallan, H. H., Wright, T. R., Gillam, B., Gaull, G. E., &
Sturman, J. A. (1987). Taurine availability and function in
neurogenetic retinopathies. Advances in Experimental Medicine
and Biology, 217, 101–112.
Young, R. W. (1985). Cell diﬀerentiation in the retina of the mouse.
The Anatomical Record, 212, 199–205.
